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HIGH TEMPERATURE HEAT CAPACITY EQUATIONS
Vol AND THERMODYNAMIC PROPERTIES

OF COMBUSTION GASES
By

Mary M. Williams
Research Dippartmc,,t

ABSTRACT. This reporv contains the standard state heat of
Sforxation, reference enthalpy, reference entropy, and heat

capacity equations for 200 chemical compounds. These com-
CP pounds are those experimentally shown to exist and those

theorized as existi'g in high temperature combustion pro-
cesses. Thermodynamic data are given for compounds con-

E.i= sisting of the following chemical elements: hydrogen,
S 3 oxygen, nitrogen, carbon, lithium, sodium potassium,

rubidium, cesium, magnesium, aluminum, fluorine, chlorine,
i bromine, beryllium, boron, silicon, and calcium.

The temperature range covered in most cases is 5000K
to 60000 K, for which ,wo heat capacity equations were
derived of the form Cr = a + bT + cT' . One equation is
given for the low temperature range, and another for the

o high temperature range. In -he case of different physical
states occurring in this range (solid -#liquid - gas), one

./ equation is normally given for each non-gas and two for
each gas.
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INTRODUCTIONI

In the solution of high temperature combustion problems, such as the
determination of flame temperature, the consideration of a large number
of chemical elements and thus a large number of combustion products,
results in the accumulation of large stacks of thermodynamic tables.
Besides the large computer storage required, the seemingly endless in-
terpolation of these data for an unlisted temaperature or thermodymmic
data point instigated a program for the condensation of these data into
a more accessible and useful form. A heat capacity equation of the form

C a + bT +cT-2
p

was chosen, and a least square fit made of the changes in enthalpy as a
function of temperature. For long temperature ranges, two heat capacity
equations were derived. The fit error is most cases is quite small, and
is sometimes oetter than the probable error in the original table. The
fit is made in such a manner that errors, either typographical or proof-
reading, in the original data are detected and corrections or omissions
may be made, i.e., we have checked the original data source for conti-
nuity. Thermodynamic data of this type should be a smooth continuous
function except when phase changes occur. Another advantage of the use
of an equation over tabulated data is that the number of entries to be
proofread are minimized.

The majority of data presented in this report were completed by
January 1960. The references used vre restricted to those of an un-
classified nature.

METHOD

Let us assume data are available showing enthalpy at various temper-
ature intervals from T1 to T2 , for which a heat capacity equation is to
be derived (C = (6H/3fT)). The enthalpy at (T1 + T2 )/2 =Tm is assumed
to be a precise value, and the change in entnalpy with respect to tem-
perature from Tm to all other tabulated data points in the range covered
is computed. A least square fit is then made for C in the form of

Cp = a + bT + cT-2

Instead of using the standard reference temperature of 298.15, a
standard reference temperature (TO) of 3000 0K was chosen. (This should
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not be confused with Tm although they may occasional•l coincide). Each
heat capacity equation derived was then used to compute an enthalpy (A),
and an entropy (B), at 30000 K. The values A and B may be looked upon
as integration constants from a standard reference temperature of
30uOPK. •his curve is assumed to be a continuous function and to pass
through TO at A. The value of A, and consequently B, may have no real
significance, ie., certain phas.. of a spec-ies my not exiuL aL Chat
temperature, or A and B may be grossly in error when compared to known
enthalpy and entropy values at this temperature. A and B should be con-
sidered as working tools which enable one to obtain accurate values of
enthalpy and entropy in the interval T1 to T2 . It was for this reason
that symbols other than H and S were chcsen for these references. (For
data tables where enthalpy is given at 30000K, if this value is used
instead of the A value, the average error incurred is increased by the
amount 64298- A). The enthalpy at temperature Tx my be computed as

= A +j ~x
6HJ98d1

3000

and the entropy at TX as

ST =B+ (C Tx /
x p

3000

By adding the heat of forqation AHf298. 1 5 to the first equation, one may
obtain the total enthalpy-

Tx
HTx =H 98 .1 5 + A + C x dT

3000

In the case of non-gas constituents the maximum temperature for the
heat capacity equation is the melting point, or normal boiling point.
The temperature range of a gaseous species is lir,4 ted only by the data
available. The reference enthalpy value, or integration constant A, may
be sumewhat more ambiguous when phase changes occur for a given species.

'The heat of formation was purposely mainkained as a separate item since
the uncertainty in this number is greater than that for other thermo-
dynamic data, and other corrections will not be necessary if changes are
made in 46f298.15

2



NAVTFP REPOB 60

For example, aluminum with a melting point of ^O00K and a boiling point
of 2710OK may follow the path

' + 0 + f= Al(1) atT.

.Al(I) + LIHf" + sM, Al (g) at T

or we could assume aluminum gas at room temperature with a heat of
formation:

A Hf28Al ~(g) ="±AsH Al(s) +,~ +,j%

and then heat ý he gas from room temperature to some temperature T.. In
one case the transition enthalpies have been used as corrections to the
heat of formation, and in the other case they have been ased as correc-
tions to the changes in-enthalpy. The same heat of formation for the
solid and liquid formi of a compound is used and the transition enthalpy
occurs at the melting point. This enables one to compute split phases
at the melting point. With four exceptions the normal )eat of formationof the gaseous f=r is used. Tnese exceptions are Al, Li, ra, and Mggaseous atoms whose heat of formation are taken as zero.

Table 1 contains the constants A, B, a, b, c, the upper temperature
limit (Tu) and the lover temperature limit (TI) of the temperature in-
terval over which the heat capacity equation was derived.

The accuracy of the fitted equation to the given tabular data is
shown in Table 2, as a function of the given enthalpy (Hg), the givenentropy (Sg), and the computed& enthalpy (H,"), and the computed entropy
(So). Thne error in enthalpy (Eh) and the error in entropy (Es) are thus
computed as

(H - It )100
He

Eh -& )lu

S Se

The maximum values of Eh and Es, and the temperature at which each
maximum occurred, are given for each heat capacity equation of Tatle 2.
The fit error in most cases is quite small, and is frequently bett-r
than the probable error in the original data.
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TABLE 2. M~axiim= F'it &~ror., Expressed as a
Percentage of the Original Tabulated Value

Species T0K E TPK 195  TPK E ~ T0K LO

Al. 4200 .000 4300 6014 5400 .^006 4900 #009
A120 0500 .*960 0500 e060 4300 *014 5100 .008
A120~ 1200 *053 0700 *119 2400 .001 2803 .057
Al;,0500 *210 0700 .035 5400 .004 3200 *013
All2400 .002 1400 #ol? 4700 .002 5800 @002

AlCl. 2200 @002 0500 .002 4900 e008 4900 .007
Aid2  1200 .005 0500 &003 4600 .001 4900 @006
Aid]., 0800 .000 0600 .001
AlP 0500 .110 0500 *005 5300 *002 4800 #002
AIF, 0800 .046 0800 .020 1100 e020 140U .016
Al,'900 .002 0800 4001 4700 9010 5200 .008

2050U o073 0500 *013 4400 .001 5400 .05
AlF2 CI 0500 e062 0500 .013 5900 *004 5900 *005
AIFC12  0500 *034 2000 .090 5600 *004 5800 .007
A10 0500 .220' 0500 9013 5300 *001 5500 .002
A1H0500 *600 0500 *099 5200 .002 4100 .049

A1O2H 0500 *730 0500 *013 5900 .004 4400 .009
AlOF 0500 .100 0600 &021 5200 &002 4200 .014
AlOCi 0500 .053 1500 .017 6000 *002 4200 &014
AILH 0500 @056 0700 .008 4100 @017 5300 .009
Al. 1000 .030 3700 .000 2000 .032
B 2200 .073 0600 .023 4900 *033 4200 .010

0500 1.43 0500 .147 4600 *009 4400 .005
B20 3 1000 0000 1100 .012 2500 .000 2200 .010
B203 0500 1.73 0500 .173 4600 *00FA 5600 e006
BBr 050jC .022 0600 e003 5000 s001 5600 .003
BU 2500 .033 0500 .014 4400 a.017 3300 .011
BC13 0500 .327 0500 e019 5000 @007 5400 .005

2 2200 .005 1900 e021 5000 .041 4100 .022
BeAI 0500 "140 0500 .009 5500 .001 6000 .002
Bed 2  0500 .000 0900 6013
Bedl2  1500 .052 0700 *016 4100 .009 3500 4007
BeF 0500 .500 1-400 .034 5400 .001 4100 .003
BeF2  0600 *000 0500 #040
BeF2  0700 .350 0500 .053 3700 0019 3600 e035
BeFiOl 0500 0220 0500 .051 4400 .002 3100 .020
BeO 0500 .780 0500 0052 4000 .002 6000 .002
BeO 2200 .071 0500 .240 220o .000 4100 .013
Bell 3000 .098 0500 .101 3800 9016 6000 .015
Be 1200 e120 1500 #070 2700 .005 1700 .036

22
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TABLE 2. (Contd.)

Species T0K T9K Es ic T sK E

BN 2100 *079 0500 .033 4700 .000 3000 .020
BF 0700 .386 0600 *039 5100 0017 4900 .011
BF 050 .982 0500 .094 4600 .009 5700 o007
BO; 0500 1.54 0500 .069 3600 o018 5200 .007
BE 0500 *750 0500 .140 3000 .005 6000 *004
B 0600 i423 0500 ,565 2300 o003 2300 @066
Br2  1400 .005 1700 .001 4100 .002 3100 .0009
c 3000 .062 0500 *029 6000 .010 3000 .0004
C 1500 .240 0500 .570 2700 .120 2600 *082
S0503 .990 0500 .062 2500 .062 4600 .021
CN2  2500 .120 2200 .210 3900 .028 4500 o007
q2F2 0500 .980 0500 .087 5500 .038 3700 .019
02H2 1600 *450 1800 #210 2400 .026 3100 .091
q2 H4 0600 .002 0600 .018 1300 .015 1000 .012
C 0500 1.2 0500 .097 4700 .001 4800 .0006

0500 .790 0500 .045 5000 .003 5200 .001
C12  1500 *)09 1600 .003 4700 .002 4300 .002
ClF 0500 .100 0500 .005 6000 *002 4800 .003
ClO 0500 *150 0500 .010 4300 .002 5200 .063
CN 3000 .056 0500 o018 3000 .030 3000 .003
ICF 2601 .043 0500 .038 4800 .023 5500 .045
CF2  2300 to6l 0500 o043 4700 .042 5500 .350
CF3  2200 *160 0500 o093 4200 *017 5500 *031
CF4 0900 1.2 0900 .650 5500 .490 5500 .120
Co 0500 1.7 0500 .110 5000 .003 5900 *001
cc, 0500 1.9 0500 &150 5000 .060 5300 .2-9
CH 0500 4*7 0500 a 17( 00 .003 390l .0009
CH2F2 2500 .150 0500 #230 2800 .001 2700 4008
CH2 0500 4.1 0500 .310 5600 .000 3900 .000!1

CH20 0800 .062 0500 .045 1100 .470 1200 .150
CHF 2500 .210 0500 .330 3400 *001 4500 4007

1ý 000 .047 0600 .010 1200 .012 1900 *003
0"1F3 0500 1.4 0500 .140 3600 .001 3900 .007
Li 1000 s130 0500 .390 1200 .830 1460 1.60
Li 1900 .016 3400 o018 6000 .026 5700 .016
Li 2  2300 .004 2800 .002 4700 *001 5300 .002
Li 2 0 1100 .065 0600 .067 3:00 .000 1900 .015
LU2 0 0500 .15 0500 .34 5200 9055 3400 *23
Li 2 F2  0500 .110 0500 *021 5900 .004 3900 .006
LlpC312 0500 .029 2800 .009 5700 *004 4600 ,C'0
LiCi 0500 .057 1.400 &003 3600 .002 5100 .002
LiCl 0700 9000 0700 .025 2000 .024 0900 .022
LiF 0500 .170 0500 .012 4600 .002 4100 .00?
LIF 1000 .OA9 10n0 .14n 1200 :00! 2200 z153
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TABLE 2. (Conta.)

Species TPK El TK ES ToK EP H-

LiO 0700 o14 0700 *29 5300 .081 3300 *18
LiOH 0900 .000 1900 .002
LiH 0500 .074 0500 .220 4000 .13 5000 .73
Mg 3700 *022 3100 .036 5100 .013 4700 o013
MgAi204 0900 .003 0500 *003
mgm1 2100 .012 0700 .005 4300 .002 5400 .001
M9C12 0800 .002 0500 9003 1000 .000 1300 .001
MgC12  1600 .032 1900 .006 4400 .015 6000 .006
Mg? 0500 .074 0500 .004 4700 .002 4200 .002
MgF2 0800 o046 1500 .013 1600 c000 1600 .016
MgF 2  250( o022 0500 @022 4600 4013 5400 .007
MgFC1 2100 .009 1700 .013 3300 .003 4100 .015
Mgo 0500 eI10 0500 :006 4900 .003 5700 .002
MgO 1800 .029 2100 .022 2800 .021 3800 a020
MgH 1300 o120 0500 .053 4700 .021 4300 .097
Mg 0800 .006 0800 .025 1700 .051 1400 .042
N 3800 .046 2100 .004 6000 .003. 4300 .001
Na 3600 o029 1700 .018 5400 .020 5300 a013
NA2 O 0900 .027 0600 .038
NaC1 0800 .000 1100 .018
NaCl 1900 .043 2500 *012 4400 .017 5700 .010
Na' 0700 .110 1200 .026
NaP 1100 .070 2500 o013 5200 .016 6000 .007
NaCH 1100 .019 Clo00 .C!9
NaOH 3000 .110 0500 *150 4300 .017 6000 .007
NaH 0800 .160 0600 .027 4400 .020 4300 .007
Na 0700 .000 0700 .074
N2  0500 1.8 0500 .120 5100 .017 4700 .014
NO 0600 4.0 0500 .330 5000 @014 3000 .002
No 0900 o068 0500 .^27 1200 a180 1200 .056
14H 3000 .140 0500 .140 4300 .002 4900 .001
NH3 130C .140 1500 .200 3000 .079 1900 .073
F 0500 .160 0500 .010 4400 .002 5000 .002
FL 0500 .180 0700 .009 4400 .002 5700 .002
F2o0 0500 .850 0500 .075 4000 .001 2700 .007
FCN 0500 o870 0500 .075 3700 .001 3400 .0005
O 3000 .017 0500 .006 5400 .033 37u0 .002
S0600 .180 0500 .017 5900 .009 3000 .002
ONF "5"e .620 0500 .9- 41-00 .00' 4300 .0^06.

OH 3000 .140 0500 0110 5700 2?20 3000 .005
H 2400 a000 1000 .002 4300 a003 5100 .200
S3000 .130 0500 .100 3100 .380 3000 .020
420 3000 .240 0500 .270 5000 .160 5000 .020

24i
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TABLE 2. (Contd.)

Species T°K E TK ES T°K E T°K ES

HBO 2  0500 .206 0500 .170 4000 &010 4700 .008
HBr 050-0 2.1 0500 o130 4800 .000 4200 o001
H3BO3 3000 .170 0500 .344 4700 .007 4200 .007

0500 2.10 0500 *140 3700 .003 5100 *001
HCN 1500 .100 0500 .032 2300 *028 3000 1.3
HCO 0500 2*7 0500 .190 3400 *002 3000 .010
HF 300( .140 0500 *086 3'300 .017 3000 #002

RESULTS

The constants are given for the computaticn of thermodynamic proper-
ties for combustion gases at high temperatures by use of the following
equations.

0C, = + b T +cT- 2 ca./oK (I)

Tx A f CdT (2).
6298.l5 A + p (

Tl b 2 203000-
,M2 98 .1 5 = A + a(Tx-3000) + ;"(T -3O000) + aIO.T~cal/mole (3)

THx + + CdTr298.15 fA +

T
• TX B f + x/ dT

fCPT
3000

=B + a n(, ).+ b(71 3000) -r ;;oi]alz -K

The standard heats of formation or the combustion species are e'.ven
in Table 3. Last minute revisions were made to incorporate those values
recommended by the JANAF Thermochemical Panel (Ref. 14).
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TABLE 3. Stand•ard Heat of Formation of Combustion Species

(Phase 1 = gas, Phase 2, 3 = solid, liquid)

Species Phase Ref "Hf398.15 Species Phase Ref Hf298.15
Kcsl/mol Kcal/mol

Al 1 14 +78.000* Al 2,3 14

A1F2 Cl 1 14 -235.0 AlCl 1 14 -11.3

AiCd2  1 14 -78.0 AlOCl 1 14 -55.0
AlC13 1 14 -139.022 A1CI3 2,3 14 -168.583
AIF 1 14 -61.300 AFC12 1 14 -13l.8

AIF3 1 14 -285.448 Ail3 2,3 14 -356.3

A1F.2  1 14 -157.0 AlOff 1 114 -3-4147

AIH 1 14 +61.700 AIN 2 14 -76.000

A1•o 2H 1 14 -1og.ooo A1O 1 14 +17.387

AiR 1 14 +104.5 fig 2,3 14 -536.000
A12 C16  1 14 -312.110 Alp0, 2,3 14 -400.400

Al 0 1 14 -39.400 AlOF 1 14 -121.000

Al 0 1 14 -105.280 A 4ýC 2,3 14. -48.6oo2 2
AlF 1 14 -157.000 B 2,3 1.4

B 1 14 +132.618 BFC1 1 14 -76.810

Bel 1 14 +2e2.5 BOCI 1 14 -84.811
BF Cl 21 14 -22.3.93 BFC1 2  1 14 -154.730

BCd2  1 14 -19.620 BF 1 14 -45.469

BCl3 14 -97.100 BF2 1 14 -133.843
BOF 1 14 -142.923 BF? 2,3 14 -270.000
BH 1 14 +14.761 H 3o, 1 14 -238.60o

HBO2  1 14 -14o.780 BO 1 14 +3.*r414

12 B 204  1 8 -300.0 BN 2;3 A -6o.3
BN 1 14 +151.748 B 1 1 -Bo 0757
Bo2  1 14 +199.300 Bo20 2,3 14 -A0o.3.14
Bo 1 14 -208.268 Be 2,3 14

IVC 2,3 14 -12.200 Be 2  1 8 +138.
Be 1 14 +77.922 Beni1 1 14 -121.00o

26
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TABLE 3-. (Contd.)

Species Phase Ref &Hf298.15 Species Phase Ref "Hf298.15

Kcal/mol Kcs!/mol

Bee! 1. 14 +36.989 BeF 1 14 +4.81.6
BeCI 2  1 14 -80.380 BeH 1 14 +77-370
BeFr. 1 14 -182.800 BeO 2,3 14 -143.100

BeO2H2  14 -156.700 BeO2H2 2,3 14 -216.800
BeO 1 14 +30.440 Be2 Cl4  1 14 -185.000
Be 2,3 14 -22.2 Be3o3 1 14 -259.800

Be.o2 1 14 -102.4o C 2 14

Be 2,3 1A -132.000 Co2  1 14 -94.o0o

C 1 14 -170.890 C 1 14 +189.67o
C3Co i 14 -26.416 CH2  1 14 +66.o0o

C2  1 14 +197.028 CH4  1 14 -17.889

CH 1 14 +142.1oo ClH4  1 14 -12.496
CH3 1 14 +32.000 C:2 O 1 14 -27.400

C2 12  1 1 -. +54.190 C12 CO 1 14 -52.4oo0
HCO 1 14 -3-520 HCN 1 14 +31.200

F2co 1 14 -150.200 C., 1 14 +73.81W0
FIlCO 1 14 -10o6.500 CF 1 i4 +76.121
CN 1 14 +94.000 Cy3 1. ].) -120.500

FCN 1 14 -25 ,o0 cHFP 1 1.4 -162.6oo
"CF 1 14 -23.000 Cr V -59.000

CF 4  1 14 -218.000 CC_ , 1 14 +121.6

CHR2P 1 14 -105-.500 CC] 4  1 14 -25.500

C2 F 1 4 -51-300 H2 1 14
H 1- 14 +52.102 OH 1 A4 +9.330
H2 0 1 14 -57.798 02 1 14

0 1 14 +59.559 "2 1 14
N 1 14 +113.054 No2 1 14 +8.060
HO 1 14 +21.652 IH 3 1 14 -11.997
NiH 1 14 +79.200

27



NAvwEPS EPORT 7609 .

TABLE 5. (Contd.)

Species Phase Ref 6Hf29 8.15 Species Phase Ref "Hf298.15
Kcal/mol Kcal/mol.

cl 1 14 +28.951 C12  1 14
010 1 14 +24.349 CIF 1 14 -13.)Oo

HC. 1 14 -22.060 HF 1 14 -65.140

F 1 14 .18.86o F 21 14

ONF 1 14 -15.65o

Li 1 14 +38.410* Li 2,3 14

Li 2 C2  2,3 14 -14.200 Li 2  1 14 +50.400

riO i 14 +14.000 Li 2o 2,3 14 -142.6oo

Li20 1 14 -34.100 LimN 1 14 -57.700

LiH 1 14 +32.100 LiGI 2,3 14 -116.600
LUF 1 14 -719.300 Lip 2,3 14 -145.100

Li 2 F2  1 14 -213.500 LiCl 1 14 -43.800

L12 C'2  1 14 -140.700 LiC! 2,3 14 -97.400

mg 1 14 +35.330* Ma 2,3 14

1 14 +4.19o mgo 2,3 14 -143.To0

MgC1 2  1 14 -100.700 MgC1 2,3 14 -153.220

MgH 1 14 +40.700 MgCl 1 14 +1.000

MgF2  1 14 -177.000 MgF2  2,3 14 -262.600

MgFC1 1 14 -138.9,0 MgF 1 14 -21.000

Na ! 14 +25.755* Na 2,3 14

Na2  1 14 +32.870 IaM 1 14 +29.88W

NaO 1 14 +13.200 Na2 O 3,2 14 -100.T17

NaC. 1 14 -44.o50 NaC 3,2 14 -98.230

.%F 1 14 -67.ooo Na? 2,3 14 -136.300

NaQli 1 14 -55.44o NamI 2,3 14 -102.24o

Si 1 14 +110.000 'Si 2,3 14

Si 2  1 14 +137.000 SiCl2  1 14 -37.66o

SiC14  1 14 -145.700 Si?4  1 14 -372.900

SIC. 1 14 +48.10o sip 1 14 +10.300

28



_iAVWEPS FSPo1T 7609

TABLE 3. (Coutd.)I

Species Phase ReC £Hf298.15 Species Phase Ref £H298.15
Kcal/niol Keal/mol,

SiO2  1 14 -73.900 SiOg 2,3 14 -209.863

SiO 1 14 -21.411

K 1 6 +21.51 12 6 +3o.8
FY 6 ,3o.0 K•r 1 15 -4.e.5

KF 1 15 -79.8 KC1 1 15 -50.1

OsCl 1 8 -58.200 CsF 1 8 -85.0

OsH 1 6 +29.000 Cs2  1 6 +27.000

Cs 1 6 +18.830 MIRb 1 15 .- 9.9

FMb 1 6 +33.3 R2 1 6 +29.6
Rb 1 6 +20.51 RbF 1 8 -87.0

CaO 1 15 -2.0 Call 1 6 +58.7

Ca 1 6 +46.04 CaC. 1 8 +6.7

Cal 1 8 -9.2

This is included as a part of A in the entbalpy and entropy equations

and 6H, should be taken as zero.
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